The aim of the present study was to examine the anatomical differences in volumetric and intraparenchymal vascular parameters between the two thyroid lobes of patients with goiter, using three-dimensional power Doppler ultrasound. A total of 89 outpatients with goiter, including 55 with autoimmune thyroid disease (ATD) and 34 with simple goiter (SG), were evaluated by three-dimensional power Doppler ultrasound. Volumetric and intraparenchymal vascular indices including vascularization index, flow index and vascular flow index of each lobe were measured using the Virtual Organ Computer-Aided Analysis system. In all patients with goiter, the volume and vascular indices (vascularization index, flow index and vascular flow index) of the right thyroid lobe were significantly greater than those of the left lobe (p < 0.05). Differences in vascular indices were present in SG but not in ATD. ATD was associated with a larger thyroid volume and higher vascular indices compared with those of SG (p < 0.001), but there were no significant differences in volumetry and vascular indices between euthyroid ATD and SG. In conclusion, the right thyroid lobe was found to be significantly larger and more vascular than the left lobe in subjects with goiter, as measured by three-dimensional power Doppler ultrasound. In addition, ATD was associated with a higher thyroid volume and vascular indices compared with those of SG.
Introduction
The thyroid gland is made up of closely-packed follicles invested with a rich vascular network. Anatomic asymmetry including volume and vascularity is present between the two thyroid lobes in normal and diffusely enlarged thyroid glands [1, 2] . In the past several years, two-dimensional ultrasound (2D US) combined with the duplex Doppler technique has been widely used for evaluation of the thyroid, allowing for detection of nodules, volume measurement, and calculation of vascular indices such as blood volume flow, peak systolic velocity and pulsatility index. The sonographic vascular pattern in the parenchyma undergoes remarkable changes in autoimmune thyroid disease (ATD), and the association of these vascular indices with functional status has been well established [3] [4] [5] [6] .
Thyroid volume estimation is important in the management and monitoring of diffuse thyroid disorders (e.g. dosimetry of radioactive iodine therapy for Graves' disease or toxic multinodular goiter) [7] . However, since the thyroid gland is a three-dimensional (3D) anatomic structure with an irregular shape and uneven surface, volume detemination using conventional 2D ellipsoid formula is variable. Validation through this approach is also limited by high observer subjectivity and low repeatability [8] .
With advanced computer technology and development of revolutionary 3D visualization techniques, the use of 3D US overcomes the intrinsic drawbacks of 2D US. A recent study has shown that 3D US is superior to 2D US in assessing thyroid volume in patients with nodular goiter [9] . By displaying biological objects in a multiplanar manner and using image reconstruction, 3D US provides a more precise acquisition of volume measurement, geometric comprehension and diagnostic capability, compared with conventional 2D US [10] . Furthermore, power Doppler US, which is less angular dependent and not as influenced by perpendicular US beam and artifacts produced by the patient's involuntary motion, is highly sensitive to lower flow velocity and microvessel density [11, 12] . Subsequently, the clinical applications of 3D power Doppler imaging are rapidly expanding, not only in the fields of obstetrics, gynecology and urology, but also in evaluation of the thyroid [13, 14] . The Virtual Organ Computer-Aided Analysis (VOCAL) program, an imaging system developed by Medison Co. Ltd. (Seoul, Korea), is now available in commercial 3D US machines to measure the volume and vascularity of target organs [15] . In the present study, we measured sonographic parameters using 3D power Doppler US in subjects with goiter, and assessed the differences in volumetric and vascular indices between the two thyroid lobes. Additionally, we investigated the differences between simple goiter (SG) and ATD.
Materials and Methods

Patients
We evaluated 89 adults (15 men and 74 women, To avoid measurement errors, patients who had the following were excluded from the study: pregnancy, intrathyroidal lesions larger than 3 mm (cysts or nodules) on US examinations, antithyroid drugs or thyroxine supplementation within 6 months, prior thyroidectomy, radioactive iodine, and interferon or amiodarone therapy.
Thyroid evaluation
Both lobes of the thyroid were examined by a single operator using conventional 2D real-time gray-scale US for screening, followed by evaluation with 3D US (Voluson 730 Pro system; General Electric Medical Systems, Milwaukee, Wisconsin, USA) and the VOCAL program. Images were obtained by transverse scanning with a 3D wide band linear volume probe possessing a trapezoid scan field and a 3.0-10.5 MHz receiver frequency range. The settings were as follows: transmit power, 8; 2D gain, 9; dynamic control, 7; gray chroma map, 7; persistence filter, 4; enhance, 1; 3D power Doppler gain, 2.0; balance, 150; normal quality; wall motion filter as low as 2; and pulse repetition frequency, 0.9 kHz. Each scan took 15-20 seconds. Data were omitted if artifacts occurred during the process (e.g. the patient moved, swallowed or coughed).
The thyroid functional status was determined by measuring serum T3, thyroxine (T4) and thyroid-stimulating hormone (TSH) levels, and thyroid autoimmunity was determined by measuring autoantibodies such as anti-microsomal antibody, antithyroglobulin antibody and TSH-receptor antibody.
SG was defined as a diffusely and symmetrically enlarged thyroid with isoechoic and homogeneous sonographic appearance on a standard 2D grayscale US examination, a normal serum TSH level and negative test results for thyroid auto-antibodies. ATD was defined as goiters presenting with hypoechoic and heterogeneous echogenicity, testing positive for thyroid auto-antibodies. ATD was graded as hyperthyroid when serum TSH level was < 0.01 μIUmL (reference range, 0.34-5.60 μIUmL), and either serum T3 levels were > 170 ng/dL (reference range, 70-170 ng/dL) or serum T4 levels > 12.0 μg/dL (reference range, 4.9-12.0 μg/dL). ATD was graded as hypothyroid when serum TSH levels were > 5.60 μIUmL and both serum T3 and T4 levels were less than the lower reference ranges. ATD was graded as euthyroid when serum TSH, T3 and T4 levels were within reference ranges.
Parameters from the VOCAL program
The parameters calculated by the VOCAL program included volume of the thyroid, vascularization index (VI), flow index (FI) and vascular flow index (VFI). The VI, expressed as a percentage, measured the number of color voxels, which represented blood vessels within the thyroid. The FI was the mean color value of all color voxels, representing the mean color intensity inside the thyroid. The VFI was the average color value of all gray and color voxels, representing a combination of blood flow and vascularity. The volume, VI, FI and VFI of each thyroid lobe (the isthmus was omitted) were measured three times through transverse scanning with the 3D US method and the mean values were used for analysis. Plane A and a 30° rotation step were manually used in these programs ( Figs. 1 and 2 ).
Statistical analysis
Results are expressed as means ± SD. The Wilcoxon signed-rank test was used to examine the differences of volume, VI, FI, and VFI between the two lobes of the thyroid. The Mann-Whitney test was used to compare the ATD group with the SG group. Statistical analyses were performed using STATA 
Results
Of the 89 patients who underwent goiter investigation, 55 were diagnosed with ATD and 34 with SG ( Table 1 ). The volume of the right thyroid lobe was significantly greater than that of the left lobe (5.94 ± 3.26 cm 3 vs. 5.48 ± 3.04 cm 3 , p = 0.0009) in subjects with goiter, in both the ATD group (7.01 ± 3.46 cm 3 vs. 6.48 ± 3.20 cm 3 , p = 0.022) and in the SG group (4.20 ± 1.92 cm 3 vs. 3.86 ± 1.86 cm 3 , p = 0.01; Table 2 ). Furthermore, the right thyroid lobe was associated with higher vascular indices than the left thyroid lobe in subjects with goiter (VI, p = 0.0042; FI, p = 0.018; VFI, p = 0.0009; Table 2 ). This difference was more significant in the SG group (VI, p = 0.0049; FI, p = 0.065; VFI, p = 0.0038). On the other hand, there were no significant vascular differences between the right and left thyroid lobes in patients with ATD with for VI (p = 0.08) and FI (p = 0.11; Table 2 ). Only VFI (p = 0.027) was significantly greater in the right thyroid lobe than in the left in patients with ATD. In individuals with ATD, there were no significant differences in volumetry and vascular indices between the right and left lobes irrespective of their functional status (Table 3) .
Overall, patients with ATD had a larger thyroid volume and higher power Doppler vascular indices (VI, FI and VFI) in both lobes compared with patients with SG (p < 0.001; Fig. 1 ). However, these differences were not present between euthyroid ATD and SG (data not shown).
Discussion
In our study, 3D power Doppler US showed that goiters could be characterized by their asymmetrically anatomy, where the right thyroid lobe was larger and more vascularized than the left thyroid lobe in patients with SG. However, differences in vascularity and blood flow between the two lobes disappeared in the presence of ATD. We also demonstrated that ATD was associated with a greater volume and intraparenchymal vascularity compared with SG.
With advances in computer technology and imaging techniques, both freehand and automatic capture-type 3D US have promising resolution for volume acquisition and structure evaluation of the target organs. It has been shown that 3D US is superior to conventional 2D US for thyroid volume assessment in patients with thyroid nodules [9, 16] . In a postmortem study, 3D US achieved a better accuracy for estimating thyroid volumetry than the 2D method [17] . Furthermore, 3D US has a higher reproducibility and lower intra-observer variability A B
Fig. 2. Three-dimensional ultrasonographic images of (A) volumetry and (B) a histogram of the right lobe of autoimmune thyroid disease show hypervascularity with relatively high vascular indices.
compared with 2D US in volume measurement of thyroid nodules or the thyroid gland [16, 18] . Our previous study [19] also showed excellent intra-observer and inter-observer reproducibility in evaluation of thyroid volume and vascular indices (VI, FI and VFI) using 3D power Doppler US with the VOCAL program, especially in subjects with ATD. We believe that 3D US technology will gradually expand its role in diagnostic and interventional applications of the thyroid gland. Previous studies have demonstrated that a diffuse increase in vascularity may be encountered in Graves' disease as well as Hashimoto's thyroiditis [4] [5] [6] , both of which are forms of ATD. This finding suggested that in diffuse thyroid disorders, the sonographic vascular pattern in the parenchyma appears to change with the thyroid autoimmunity rather than the functional status. Moreover, an increase in intraparenchymal vascularity and blood velocity has not been observed in the thyrotoxic phase resulting from subacute thyroiditis [20] . Nevertheless, the intraglandular velocity of blood flow obtained by color Doppler US tends to be higher in hyperthyroid Graves' disease than that in euthyroid Graves' disease [21, 22] , demonstrating the influence of hormonal status on thyroid blood flow in identical ATDs. In the present study, we found that ATD was associated with a higher volume and vascular indices compared with SG, whereas these differences were not present between euthyroid ATD and SG. This finding suggests that in addition to the underlying autoimmunity, circulating thyroid hormones are responsible for volume and vascular pattern changes in diffuse thyroid disorders.
In contrast to our study, Tegler et al [23] demonstrated that there were no apparent differences in blood flow rate measured by electromagnetic flowmetry between the right and left lobes in euthyroid and hyperthyroid patients. Other studies have also suggested that vascular parameters, including blood volume flow and peak systolic velocity, determined by 2D color Doppler US are not significantly different between the supplying arteries of the right and left thyroid lobes [24, 25] . With 3D power Doppler US and VOCAL calculation, however, we have demonstrated an intraparenchymal vascular difference (VI, FI and VFI) between the two thyroid lobes in diffuse goiter. Since differences in blood flow and vascular distribution between right and left thyroid lobes were found in patients with SG but not in cases of ATD with varying thyroid function, we speculate that the differences between the two lobes are mediated by autoimmunity.
There are some limitations to the present study. First, our sample size was relatively small, making the results statistically less powerful. Second, although 3D US theoretically possess several advantages over conventional 2D US, it has not been compared yet with a gold standard. Third, Graves' disease and Hashimoto's thyroiditis are two different ATDs in nature but we did not analyze the association of vascular indices with thyroid hormonal values and levels of circulating autoantibodies in the ATD group. Further studies using 3D US and the VOCAL system to investigate the relationship between parameters and functional status in patients with ATD should be considered.
In conclusion, our study shows that the use of 3D power Doppler US with the VOCAL system is practical for evaluating the thyroid gland and demonstrates that the volume and intraparenchymal vascularity of the right thyroid lobe are greater than that of the left lobe in the diffusely enlarged thyroid gland. In addition, we have shown that ATD is associated with a higher thyroid volume and vascular indices compared with SG. Based on these results, we believe that it is important to examine both lobes in subjects with diffuse thyroid disorders.
